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FOREWORD

The following substantiating data report entitled: "Arrow-Wing Super-
sonic Cruise Aircraft Structural Design Concepts Evaluation," is available
~as NASA CR-132575, Vol. 1-L.

Volume 1 -~ Sections 1 - 6: Structural Design Concepts; Baseline Config-
uration; Aercdynamics; Structural Design Criteria; Structural
Design Loads; Structural Temperatures

Sections 7 - 1l1: Materials and Producibility; Basic Design
Parameters; Structural Analysis Models; Vibration and Flutter;
Point Design Environment

Volume 2

Volume 3 - Sections 12 — 1Lk: Structural Concept Analysis; Fatigue and
Fail-Safe Analysis; Acoustics

Volume 4 - Sections 15 - 21: Mass Analysis; Production Costs; Concept

Evaluation and Selection; Design; Propulsion-Airframe Inte-—
gration; Advanced Technology Assessment; Design Methodology.
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EVALUATION OF STRUCTURAL DESIGN CONCEPTS
FOR AN ARROW-WING
SUPERSONIC CRUISE AIRCRAFT

by
I. F. Sakata and G. W. Davis
LOCKHEED-CALIFORNIA COMPANY

SUMMARY

An analytical study was performed to determine the best structural
approach for design of the primary wing and fuselage structure of a Mach 2.7
arrow-wing supersonic cruise aircraft. The study encompassed an in-depth
structural design of the NASA-defined baseline configuration, based on the
specified design criteria and objectives, and consistent with the premise of
near-term start-of-design. In addition, the study identified opportunities
for structural mass reduction and resulted in recommendations for needed
research and technology.

A spectrum of structural concepts that had been proposed or have found
application for supersonic aircraft designs, such as the Anglo-French Con-—
corde supersonic transport, the Mach 3.0-plus Lockheed IF-12 aircraft, and
the proposed Lockheed L-2000 and Boeing B-2T707 supersonic transports, were
evaluated. The evaluation involved systematic multi-disciplinary studies
encompassing: airplane configuration refinement (including propulsion-
airframe integration); design/manufacturing/cost studies; and the complex
interactions between airframe strength and stiffness, static and dynamic
loads, flutter, fatigue and fail-safe design, thermal loads, and the effects
of variations in structural arrangements, concepts and materials on these
interactions. Due to the complex nature of these studies, extensive use was
made of computerized analysis programs, including Lockheed-California's inte-
gratved NASTRAN-FAMAS structural analysis system.

The structural evaluation was conducted in two phases: (1) a design
concept evaluation study wherein a large number of candidate structural con-
cepts were investigated and evaluated to determine the most promising concepts,
and (2) a detailed engineering design-analysis study of the selected struc-—
tural approach to define the critical design parameters and the estimated
structural mass of the final design airplane.

The results of the design concept evaluation indicated that a hybrid
design using a combination of a primarily chordwise-stiffened wing structure
arrangement, with a biaxially stiffened (monocoque) arrangement for the wing
tip to satisfy flutter requirements, would be the most efficient from a mass
and cost standpoint. The wing tip construction selected was aluminum-brazed
titanium honeycomb-sandwich. For the remainder of the wing, low-profile
convex-beaded surface panels of titanium alloy 6A1-4V were used, supported
with discrete submerged spanvise titanium spar caps reinforced with boron-
polyimide composite material. The fuselage was a Ti-6A1-4V hat-stiffened
design with supporting frames.




The resultant final design airplane satisfies all the design objectives,
including payload, service life and range, and meets or exceeds the commer-
cial aireraft requirements of Federal Aviation Regulation, Part 25 (FAR 25).
The wing structure was designed by a combination of strength, stiffness and
minimum gage (foreign object damage) requirements, with no significant impact
from the Mach 2.7 temperature environment. The fuselage structure was
designed by a combination of strength and fatigue, including cabin pressuriza-
tion and elevated temperature effects.

The study makes clear the importance of including realistic consideration
of aeroelastic effects early in the design cycle for this type of aircratt.
Significant structure, over and above that required for strength, was added
in selected areas to remove flutter deficiencies. In addition, the potential
of computer-aided design methods for reducing the manpower and design calen-
dar time was amply demonstrated. Finally, the study described above and
related supplementary investigations identified a major potential for struc-
tural mass reduction through the development and application of high tempera-
ture composite materials; and the need for further improvement of aerodynemic
performance through the use of active control devices and other configuration
development.




INTRODUCTION

For the past several years, the National Aeronautics and Space
Administration (NASA) Langley Research Center has been pursuing a supersonic
cruise aircraft research program to provide sound technical bases for future
civil and military supersonic vehieles, including possible development of an
environmentally acceptable and economically viable commercial supersonic
transport.

The design of a satisfactory advanced supersonic cruise airecraft requires
reduced structural mass fractions attainable through application of new mater-
ials and concepts, and advanced design tools. Configurations, such as the
arrov-wing, show promise from the aerodynamic standpoint; however, detailed
structural design studies are needed to determine the feasibility of con-
structing this type of aircraft with sufficiently low structural mass.

The investigation now being reported was conducted to subject promising
structural concepts to in-depth analyses, including the more important environ-
mental considerations that could affect the selection of the best structural
approach for design of primary wing and fuselage structure of a given Mach 2.7
arrow-ving supersonic cruise aircraft, assuming a near-term start-of-design.

A spectrum of structural concepts were evaluated. The evaluation involved
systematic multi-disciplinary studies encompassing: airplane configuration
refinement, design/manufacturing/cost studies, and a structural evaluation
involving the complex interactions between airframe strength and stiffness,
static and dynamic loads, flutter, fatigue and fail-sarfe design, thermal
loads, and the effects of variations in structural arrangements, concepts
and materials on these interactions. The structural evaluation was conducted
in two phases: (1) a design concept evaluation study wherein a large number
of candidate structural concepts were investigated and evaluated to determine
the most promising concepts, and (2) a detailed engineering design-analysis
study of the selected structural approach to define the critical design
parameters and the estimated structural mass of the final design airplane.

This report summarizes the study made by the Lockheed-California Company
and discusses the design methodology and results. Detail descriptions of the
analyses and substantiation of the results are presented in Reference 1.

(An executive summary of the study was presented in Reference 23 and a
summary of the producibility technology studies was presented in Reference 3.)

CONFIGURATION

The initial task was the evaluation and refinement of the reference
ailrcraft configuration in terms of aerodynamic performance and design.




Reference Configuration

The reference configuration showvn in Figure 1 is a discrete wing-body
airplane with a low wing that is continuous under the fuselage and was derived
from the NASA SCAT 15F configuration. The external shape of the airplane was
defined at the design 1lift coefficient by a computer card deck supplied by
NASA. As noted in the figure, the configuration is based on the use of four
underwing turbojet engines, a horizontal tail volume coefficient of 0.055, and
a wing tip sweep angle of 6L.6-degrees (1.13-rad). The airplane incorporates
vertical fins on the wing, but does not include a canard or inboard leading-
edge devices. Pitch control and trim is provided by the horizontal tail.

Configuration Refinement

Several areas of concern were identified with regard to the reference
configuration, and refinements to these areas were examined and appropriate
changes incorporated into the design.

Passenger Accommodations.- Fuselage cross-section requirements were examined
in light of the need to provide suitable passenger accommodations in terms of
comfort, baggage storage, cargo and passenger services. From a passenger com—
fort standpoint, it was necessary to provide head room and to have a cabin
width which would allow for wide seats and sufficient aisle widths. Below-the-
floor volume was needed for cargo and baggage. At the same time, efficient
use of tne fuselage volume was needed in order to minimize the cross-sectional
area and the associated cruise drag penalty. These objectives were met by
increasing the fuselage depth using interior dimension standards established
in earlier studies of the National SST Program. The pressure shell radius
remained essentially unchanged from the reference configuration. A decrement
in airplane lift-to-drag ratio equal to 0.10 resulted from this modification.

Main Landing Gear Concept.- A main landing gear -concept was adopted which
avoided the necessity for deviations from the NASA-supplied external contour.
The gear is wing-stowed, forward retracting and has twelve tires per strut.
The concept does not require a hump in the upper surface, thus avoiding a
drag penalty and minimizing the complexity and mass of the wing structure.

Propulsion System.- The engine characteristics selected were based on the
results of a parallel NASA-funded systems study (Reference L4). The selected
engine 1s a duct-burning turbofan with an uninstalled sea level static thrust
of 89,500-1bf (398,000-N). The engine is used with an axisymmetric mixed
compression inlet and a variable convergent-divergent nozzle.

An engine-airframe integration study was made to explore the effects of
engine size and location. This study revealed that the primary constraint
on both increasing engine size, and spanwise movement of the engines, was
the available wing trailing edge control surface of the arrow-wing configura-
tion. At the same time, the inconclusive projected benefits of moving the
engines forward led to retaining their original location with the exhaust
100-in (2.54-m) aft of the wing trailing edge. An inlet fence was required
to prevent engine unstart due to mutual interference.




64,6° (1.13rad) |,
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A\ Tip
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Figure 1.




Low-Speed Longitudinal Characteristics.- The low-speed pitch-up character-
istics of the arrow-wing were examined using an interactive computer graphics
technique that simulates, in real-time, the longitudinal behavior of the
airplane response to control disturbances. The feasibility of using the
horizontal tail as a pitch limiter to provide satisfactory longitudinal
control while operating into the pitch-up region was investigated. Findings
showed that if adequate control authority was provided, it was possible to
provide automatic pitch 1imiting capability and good handling qualities.
However, two requirements must be met: (1) a definite tail size to center-
of-gravity relationship must be maintained, and (2) the pitch limiter system
mast be fail-operative. On the basis of these considerations, a tail volume
coefficient of 0.07 is the mirimum that would yield an acceptable center-of-
gravity range; in conjunction, the airplane balance should be set so that the
center-of—-gravity is at 55-percent MAC at the maximum landing mass.

Low-Speed Lift Capabilities.- Configuration development studies explored
application of leading and trailing edge devices with auxiliary trimming
surfaces (canards and horizontal tail) tc provide schemes for supplementing
the low-speed 1lift capabilities of the arrow-wing planform. The objective
was to maximize the usable 1lift at take-off attitudes considering in-ground
effects. Methods of low-speed pitch stability improvement were also studied
This involved airplane balance, including the fuel system and its related
tankage arrangement. On the final configuration a change in wing tip sweep
from 6k4.6-degrees (1.13-rad) as defined by the NASA-supplied data to a
60-degres (1.05-rad) sweep was made. This change reduced the demands on the
longitudinal stability augmentation system and permitted a more aft center-
of-gravity location with the existing horizontal tail power.

Final Configuration

The final airplane arrangement is shown on Figure 2. Geometric
characteristics are presented in Table 1. The airplane has a design gross
mass of 750,000-1bm (340,000-kg). The fuselage accommodates 234 passengers
in five-abreast seating. The overall length is 296.9-ft (90.5-m). This
includes a 119-in (3.02-m)-shortening of the fuselage to compensate for the
structural mass increase associated with increasing the fuselage depth. The
wing span is 132.6=ft (L40.L-m). The leading edge sweep of the wing tip has
been decreased to 60-degrees (1.05-rad). The wing-mounted main landing gear
employs a three-wheel axle design and retracts into a well just outboard of
the fuselage. The length of the gear strut has been increased 19-in
(0.48-m) to accommodate the larger diameter of the selected engines.

The aircraft is equipped with a three-axis stability augmentation
system (SAS) with adequate redundancy to be fail-operative. The primary
control surfaces are indicated on Figure 2. An all-moving horizontal
stabilizer with a geared elevator is used for pitch control. For yaw con-
trol, a fuselage mounted all-moving vertical tail with a geared rudder is,
provided. The tail volume coefficients for the horizontal stabilizer (VH)
and the vertical tail (VV) are 0.07 and 0.02L4, respectively. The inboard
wing flaps are used as 1ift devices at low speed. Leading edge flaps are
provided on the outer wing for subsonic and transonic speeds, and ailerons
on the trailing edge for low speed. At supersonic speeds, the inverted
spoiler~slot deflector and spoiler-slot deflectors provide the primary roll
control.
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TABIE 1. FINAL AIRPIANE CONFIGURATION DATA

WING
TOTAL AREA (S 10923 2 1014.69 m?
REFERENCE AREA (Sggg) 10500 ft2 975.45 m?
ASPECT RATIO (AR) 1.607
TAPER RATIO () 0.1135
SPAN (b) 1590.0 in 40.386 m
ROOT CHORD (C,) 21955 in 56.766 m
TIP CHORD (Cy) 249.2 in 6.330 m
MEAN AERODYNAMIC CHORD (C) 1351.1 in 34.317 m
L.E. SWEEP (A |g)
(TO BL 391.2) 74 deg 1.292 rad
(TO BL 600) 70.84 deg 1.236 rad
(TO TIP) 60 deg 1.047 rad
FUSELAGE
LENGTH 34440 in 875 m
WIDTH 135.0 in 34 m
DEPTH 166.0 in 42 m
TABLE 2. FINAL ENGINE DATA
ENGINE BSTF 2.7-2 DUCT-BURNING TURBOFAN
NUMBER OF ENGINES 4
NOISE SUPPRESSION CRITERIA FAR 36-5
INLET/NOZZLE | AXISYMMETRIC/VARIABLE CONVERGENT - DIVERGENT
L I FT-OFF SPEED MACH 0.30
THRUST/WEIGHT RATIO 0.36
BYPASS RATIO 3.26
FAN PRESSURE RATIO 3.0
NET THRUST (a) Ibf  (N) 89,500 {398,000)
ENGINE MASS (b) lbm (kg) 12,781 (5,797)
CAPTURE AREA 2  (m?) 38.0 (3.53)
MAX. DIAMETER in (m) 96.4 (2.45)
COMPRESSOR DIAMETER in  (m) 85.0 (2.16)
NOZZLE DIAMETER in (m) 96.4 {2.45)
ENGINE LENGTH in  (m) 267.5 (6.79)
INLET LENGTH in {m) 203.9 (5.18)

(a) SEA LEVEL STATIC, MAXIMUM POWER, UNINSTALLED
{b) INCLUDES REVERSER AND SUPPRESSOR




Four duct-burning turbofan engines, each with 89,500-1bf (398,000—N)
of uninstalled thrust, are mounted in under-wing pods having axisymmetric
inlets and thrust reversers aft of the wing trailing edge. Engine configura-
tion data are presented in Table 2. The engines are sized to provide a
total thrust-to-airplane weight ratio of 0.36 at takeoff. The engine mounts
are located aft of the wing rear beam and are attached to box beams which
are cantilevered off the wing structural box.

The major portion of the lower fuselage is used for fuel and baggage
stowage, with baggage and other requirements establishing the forward limit
of fuel stowage. Forward of the fuel stowage area, the wing does not extend
through the fuselage.

The tank arrangement shown in Figure 2 provides for a fuel storage
capacity of 393,600-1bm (178,500-kg). Based on previous studies relating
to fuel containment and management requirements for supersonic cruise
aircraft, it was elected to stow a significant portion of the total fuel
within the wing center section. The 16-tank system was designed to take
advantage of the "protected-volume' of approximately L3-percent of the total
storage capacity. In this location, the upper surface was exposed to the
cooled and controlled environment of the fuselage cabin while the wing lower
surface was shielded from the outside airstream by a fairing extending below
and separated from the lower surface.

Fuel management scheduling for airplane center-of-gravity control was
specifically planned to maximize the available heat sink capacity of the
fuel by emptying the exposed outboard tanks as early as possible in the
flight. Additional considerations included fuel usage to permit the air-
craft to cruise with a minimum trim drag penalty. The landing and reserve
fuel was located in the protected fuselage area.

DESIGN CRITERIA

Evaluation of structural concepts for the Mach 2.7 supersonic cruise
aircraft was based on an aircraft with an economic 1life of 15 years and a
service life of 50,000 flight hours, with the environment determined from a
design flight profile for an international mission. The international mis-
sion (Figure 3) is approximately 3.4 hours in duration; three-quarters of
that time, or 2.5 hours, is at Mach 2.62 (Hot Day) cruise.

For design purposes, a maximum taxi mass of 750,000-1bm (340,000-kg),
a maximum landing mass of 420,000-1bm (190,000-kg), a payload of 49,000-1bm
(22,000~kg), and a design range of L4200-nmi (7800-km) were specified for
the airplane.

The design equivalent airspeeds shown in Figure 4 were selected to
provide an operational envelope compatible with the design flight profile
and satisfying the requirements of FAR 25. The structural design cruise
speed (Vg) was selected as the planned operating speed in climb, cruise
and descent. The design dive speed (Vp) was selected to provide a margin
of safety for the inadvertent large excursions in excess of operating
speed.



10

CLIMB CRUISE DESCENT
400 X 103 3
800 X 103}
GROSS 300 600 H
MASS 200 .\'\\
400
kg Ib
100 200
0 0
3
MACH 2
NUMBER 1 : \
0
25 80 x 103
2 sof ] \
ALTITUDE 16 \
km 10 ft 40 / \
5 20
0 0
0 40 80 120 160 200

TIME FROM TAKEOFF — MINUTES

Figure 3. Design Flight Profile - International Mission
(Mach 2.62 -~ Hot Day)
B goxi03 -
2
' wté\
| C,’\\‘_j \
70 T 7‘_" \
!
T ‘I\\&
. | N\ N
[ ?
e |- i NN
I \ k \ N\
" a4 50 AN
] 15r— 5 i \‘ \ N
E = ! | N
E ; 40 — \ )&o
24 A
2 | 2 N \><
8 oL o
£ & 30 —,’ \ \7—-
&
§.’}'\ sl l, \! \ N
A EH NN N
20 I ‘S—¢ ﬂ £ ,'9
s} BENERE: \
I olg x|L
! >1L ol
10 | | & £ ’-ﬁ
I
' | SR 0
| 1 " 9
ol ) l 1
0 100 200 300 400 500 600
VELOGITY ~ keas
L L 1 i L J
0 200 400 600 800 1000
VELOCITY ~ km/h
Figure 4. Structural Design Speeds



Maneuver loads analyses were based on solution of the airplane equations
of motion for pilot-induced maneuvers. Except where limited by a maximum
usable normal force coefficient or by available longitudinal controls
deflections, the limit load factors (nz) were as follows:

(1) Positive maneuvers: n +2.5 at all design speeds

2

(2) DNegative maneuvers: n -1.0 up to Vs and varies linearly

Z
to zero at VD

(3) Rolling maneuver entry load factors:

+1.67 at all design speeds

Upper limit: n,

0 up to Vp and varies linearly
up to +1.0 at Vp

Lower limit: n,

Design cabin pressures were based on providing a 6000-ft (1.8-km) cabin
altitude at a flight altitude of T70,000~ft (21.3-km). This resulted in a
maximum design differential pressure of 11.7-psi (80.7-kPa) when accounting
for anticipated variations and valve tolerances. A nominal differential
pressure of 11.2-psi (77.2-kPa) was used for fatigue design considerations;
and a maximum differential pressure of 11.6-psi (80-kPa) was used for fail-
safe design.

Strength analyses were based on applied loads which included aerodynamic
and inertia locadings, thermal loads and pressurization, and allowable material
strengths at the predicted structural temperatures. Limit applied tension
stresses were not allowed to exceed the lower of the material yield strength
or two-thirds of the material ultimate strength at the appropriate tempera-
ture. Limit compressive and shear stresses were defined as the critical
buckling stresses.

Fatigue analyses were based on a fatigue loading spectrum developed for
the National SST Program (Reference 5) which provides a moderately conserva-—
tive representation of a loading history for supersonic cruise aircraft. The
reference load levels and oscillatory flight loads included representative
tensile thermal stress increments and ground loadings. The basic fatigue
criterion was to provide a structure with a service life of 50,000 flight
hours. Appropriate multiplying factors were applied to the design life for
use in establishing allowable design tension stresses. For structure
designed by the spectrum loadings, the allowable stresses were defined using
a factor of 2 times the design service life of 50,000 hours. For areas of
the fuselage designed by constant amplitude cabin pressure loading, the
allowable stresses were based on 200,000 flight hours of service
(50,000 x 4). :

A fail-safe design load of 100-percent limit load was used for the
analysis of the assumed damage conditions. The residual strength of the
damaged structure must be capable of withstanding these 1limit loads without
failure.
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The selection of minimum gages for regions not designed to specific
strength or fatigue requirements was based on consideration of the structural
concept employed, fabrication constraints, and foreign object damage (FOD)
effects.

STRUCTURAL DESIGN CONCEPTS

A spectrum of structural approaches for primary structure design that
have found application or had been proposed for supersonic aircraft, such as
the Anglo-French Concorde supersonic transport, the Mach 3.0-plus Lockheed
YF-12, and the proposed Lockheed L-2000 and Boeing B-2707 supersonic trans-
ports, were systematically evaluated for the given configuration and design
criteria.

Design and manufacturing concepts studies established feasibility of
the application of advanced manufacturing techniques to large-scale produc-
tion. Basic design parameters and design guidelines were established for
each structural arrangement and concept to provide consistency between manu-
facturing design studies and analyses. These studies examined the fabrication
feasibility down to the smallest subcomponent level, and involved the design
of structural concepts that represented both structural efficiency and appli-
cability to advanced fabrication techniques.

Candidate materials included both metallic and composite material
systems. Alpha-Beta (Ti-6A1-4V) and Beta (Beta C) titanium alloys, both
annealed and solution treated and aged, were evaluated to identify the
important characteristics for minimum mass designs as constrained by the
specified structural approach and life requirements.

The composite materials considered included both organic (graphite-
polyimide, boron-polyimide) and metallic (boron-aluminum) matrix systems.
Selective reinforcement of the basic metallic structure was considered as
the appropriate level of composite application for the near-term design.
Furthermore, based on the principle of maximum return for minimum cost and
risk, the application was primarily unidirectional reinforcing of members
carrying primary axial loads, such as stringers, spar caps, rib caps and
stiffeners of wing panel designs.

Wing Structure Concepts

The structural design concepts for the wing primary load-carrying struc-
ture are shown in Figure 5.

Monocoque construction (Figure 5a) consists of biaxially-stiffened panels
which support the principal loads in both the span and chord directions. The
substructure arrangement consists of both multirib and multispar designs.

The monocoque construction has a smooth skin that results ir minimum
aerodynamic drag. However, thermal stresses are absorbed by the primary
structural elements with minimal relief. Biaxial loading results in reduced
fatigue allowables; yet criticality of other design parameters often controls
minimum mass structural designs. )

12
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The biaxially-stiffened panels considered were the honeycomb core and
the truss-core sandwich concepts. The honeycomb core panels were assumed
to be aluminum brazed (Aeronca process); both diffusion-bonded and welded
(spot and EB) joining process were assumed for the truss—core sandwich
panel configuration.

In the monocoque concepts, as well as in all the other primary structure
concepts, circular-arc (sine-wave) corrugated webs were used at the tank
closures. Truss-type webs were used for all other areas. The caps of the
spars and ribs are inplane with the surface panels for the monocogue concepts
to minimize the effect of eccentricities.

The two types of semimonocoque concepts are: (1) panels supporting
loads in the spanwise direction (Figure 5b), and (2) panels supporting loads
in the chordwise direction (Figure 5c¢). Both have the same type of rib and
spar webs as the monocoque structure. Discrete spar and rib caps are pro-
vided for the semimonocoque concepts since the panels cannot support
biaxial loads. Either the spar cap or rib cap must have sufficient area to
support inplane loads acting normal to the panel stiffeners.

The spanwise-stiffened wing concept is essertially a multirib design
with closely spaced ribs and widely spaced spars. The surface panel con-
figurations shown in the figure have effective load-carrying capability in
their stiffened direction. Smooth skins are reguired for aerodynamic
performance.

The chordwise-stiffened arrangement is essentially a multispar structure
with widely spaced ribs. Submerged spar .caps are provided except at panel
closeouts and at fuel tank bulkheads. The submerged caps afford reduced
temperatures and increased allowable stresses (strength and fatigue). The
surface panel concepts for this arrangement have stiffening elements oriented
in the chordwise direction. Structurally efficient beaded-skin designs were
explored. These efficient circular-arc sections of sheet metal construction
provide effective designs when properly oriented in the airstream to provide
acceptable performance, as demonstrated on the Lockheed YF-12 aircraft. The
shallow depressions or protrusions provide smooth displacements under
thermally induced strains 'and operatioral loads and offer significant
improvement in fatigue 1life. Panel spanwise thermal stresses are minimized
by allowing thermal deformation in the spanwise direction.

Selective reinforcement of the basic metallic structure (Figure 5d) was
considered as the appropriate level of composite application for the near-
term design. The chordwise-stiffened arrangement described above provides
the basic approach offering the maximum mass saving potential and was used
for the exploration of composite reinforcing. The many unique design features
of the chordwise-stiffened arrangement are retained. In addition to the
surface panels, structurally efficient, multielement (failsafe) composite
reinforced spar cap designs are employed to transmit the spanwise bending
moments as concentrated axial loads with minimum mass.
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Fuselage Structure Concepts

The structural design concepts initially considered for fuselage design
included both sandwich shell construction and skin-stringer and frame shell

construction.

The sandwich shell design was thought to have a potential for 'mass
savings over the more conventional skin-stringer and frame design, with
specific advantages with regard to sonic-fatigue resistance and reduced sound
and heat transmission. Preliminary structural design and analyses were con-
ducted to assess the potential mass savings benefit and manufacturing/design
feagibility of a sandwich shell. The manufacturing complexity and the para-
sitic /mass which the sandwich must carry, in terms of core and bonding
agents, proved to be a disadvantage, and thus this concept was not included

as part of the study.

The basic structural arrangement for the design is a uniaxially stiffened
structure of skin and stringers with closely spaced supporting frames {(Fig-
ure 6). The stringer configurations with the potential of achieving minimum
mass were the zee-stiffener |and the open- and closed-hat stiffener
sections. These stiffener concepts all contain flat elements which are
amenable to composite reinforcing. Supporting frames that merited considera-
tion were both the fixed and floating type. The Jjoining nethods evaluated
for this arrangement include mechanical fastening, welding and bonding.

PANEL STRUCTURAL CONCEPTS FRAME STRUCTURAL CONCEPTS
ZEE-STIFFENER FLOATING ZEE
~— W/SKIN SHEAR TIE
/5 CLOSED-HAT
FLOATING ZEE
W/SKIN SHEAR TIE
COMPOSITE
OPEN-HAT REINFORCED
CLOSED-HAT
COMPOSITE
Z REINFORCED

Figure 6. Fuselage Structural Arrangement -
Skin-Stringer and Frame
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DESIGN METHODOLOGY

A systematic multidisciplinary design-analysis process was used for the
structural evaluation. The corresponding analytical design cycle is illus-~
trated in Figure T. The evaluation encompassed in-depth studies involving
the interactions between airframe strength and stiffness, static and dynamic
loads, flutter, fatigue and fail-safe design, thermal loads, and the effects
of variations in structural arrangement, concepts and materials on these
interactions. Due to the complex nature of these studies, extensive use
was made of computerized analysis programs, including the Lockheed-California
Company's integrated NASTRAN-FAMAS structural analysis system. The system
incorporates the Lockheed-California Company modified version of the NASTRAN
finite element analysis program, and the Company's FAMAS program system for
aeroelastic loads and flutter analysis.

BASELINE
CONFIGURATION E{ DESIGN CRITERIA
p CONCEPT AND SIZING
STRUCTURAL \/
ARRANGEMENTS,
CONCEPTS & 2
MATERIALS STRESS
(DEFLECTION) FLUTTER
l [ OPTIMIZATION
AEROELASTIC
STRUCTURAL LOADS
MODEL LSS ROLL CONTROL
STATIC SOLUTION EFFECTIVENESS FLUTTER

STRUCTURAL
STIFFNESS

VIBRATION

Figure 7. Analytical Design Cycle

Aerodynamic Heating Analysis

Local flow pressures, temperatures and velocities for all locations
examined on the airplane external surface were calculated using the eguations
of compressible flow theory presented in Reference 6. Freestream air
properties were based on the United States Standard (1962) Atmosphere tables
(Reference 7). The "hot day" condition for these analyses was defined as an
ambient temperature 8K ahove standard day temperature.
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Heat transfer to the interior structure was determined using Lockheed's
thermal analyzer program. Wing-structure temperatures were calculated using
network models of the wing box, including representation of the upper and
lower surface panels and the vertical webs. Heat transfer within the wing
box included conduction, radiation, and convection to boundary layer air
when leakage was a factor; and for fuel tank areas, convection to fuel and
fuel vapor. The fuselage-structure temperatures were calculated using a
network model of the fuselage shell, including the skin, frame, insulation
and inner cabin wall. Heat transfer to the frame included conduction and
radiation from the outer skin panels, and conduction from the surrounding
insulation. Boundary conditions at the inner cabin wall included convection
to the cabin air and radiation to the cabin interior.

Finite Element Model Analysis

A series of NASTRAN finite element structural analysis models were
employed. These models were used to provide internal loads and displacements
for stress analysis, to calculate structural influence coefficients (sIC's)
for aeroelastic load and deflection analyses, and to determine reduced-order
stiffness and mass matrices and compute vibration modes for flutter analyses.

Three simplified finite element models were developed for the initial
design concepts evaluation. The three models represented the three general
wing primary load-carrying structural arrangements: chordwise-stiffened,
spanwise-stiffened, and biaxially-stiffened (monocoque). The modeling
zpproach used for these models is illustrated in Figure 8. This modeling
approach was used to provide a relatively rapid, cost-effective means for
evaluating the effects of out-of-plane primary wing structure design loads
on the various wing concepts and arrangements. In defining the models, the
wing was represented as a structure symmetrical about the wing mid-plane,
and the fuselage was represented as a simple beam with springs approximating
the fuselage frame flexibility effects on the wing.

A more detailed, three-dimensional finite element model (Figure 9) was
developed for the detail design of the final design airplane. In this model,
the complete wing structure was represented directly, i.e., the upper and
lower wing surfaces were modeled separately, and the actual camber and twist
were included; in addition, flexible control surface actuators were
incorporated. The fuselage was also represented directly as a symmetrical
fuselage shell structure.

A total of 274 generalized coordinates were defined on the structural
model for calculating the structural influence coefficient (SIC) matrices
and the structural stiffness matrices. The SIC's were used directly to cal-
culate the aeroelastic loads. The stiffness matrices, after being further
reduced to 188 degrees-of-freedom (symmetric) or 178 degrees—of-freedom (anti-
symmetric), were used for vibration and flutter analyses.

The 27L generalized coordinates were primarily associated with the
vertical displacement;degrees-of-freedom for both the symmetric and anti--

symmetric boundary conditions. However, lateral displacements of the wing
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vertical fin were also included. In addition, lateral displacements of the
fuselage were included for the antisymmetric boundary condition.

Aeroelastic Loads Analysis

Net aercelastic loads were determined at preselected flight conditions by
combining the detailed distributions of airloads and inertia loads, and account-
ing for the airframe flexibility effects. The subsonic and supersonic airload
distributions were determined using the Direct Load Line Element (DDLE) and the
Mach Box methods, respectively. The DDLE method is theoretically the same as
the Doublet Lettice method of Reference 8; the Mach Box method is described in
Reference 9. Typical aerodynamic-influence-coefficient (AIC) grids used for
the determination of subsonic and supersonic aerodynamics are shown in Figure 10.
The aerodynamic loads were transformed from the AIC grid to the load panel grid
shown in Figure 11. The above load-panel-point grid coincides with the struc-
tural-influence~coefficient (SIC) grid used on the structural model.

Inertia data for the airplane were determined for the operating mass
empty, the payload and the fuel distributions. Inertia loads for the various
design load conditions were derived from these data.

Vibration and Flutter Analysis

The vibration analyses employed a generalized coordinate system that was
directly related to the structural influence coefficient (SIC) system, but
reduced in the number of degrees-of-freedom. The network of coordinates for
the symmetric condition (Figure 12) contained 188 degrees—of-freedom. One-
hundred and seventy-eight degrees-of-freedom were used for the antisymmetric
boundary condition. The stiffness matrices for the vibration analyses were
obtained from the larger order stiffness matrices corresponding to the SIC
netvork using Guyan reduction techniques. The modal analyses were performed
using the Givens method contained in NASTRAN. The Givens method was selected
after investigating the accuracy and computational time of this method, the
Inverse Power method also available in NASTRAN, and the FAMAS QR method.

The stiffness matrices for each structural arrangement, as derived from
the finite element models, wers combined with the appropriate inertia matrices
to compute the symmetric and antisymmetric eigenvectors and eigenvalues of
the free-free airplane. The inertia matrices were formed for two airplane
conditions only: the operating mass empty (OME), and the full-fuel and full-
payload (FFFP). These conditions represent the extremes of minimum and maxi-
mum mass; no intermediate mass conditions were examined. In general, fifty
vibration modes were extracted from each vibration solution for use in the
flutter analyses and optimizations.

Steady and unsteady aerodynamic influence coefficients (AIC's) were
calculated for Mach 0.60, 0.90, 1.25 and 1.85. The AIC's were computed for
the wing, the wing vertical fin, and empennage surfaces. These AIC's were
adjusted, wvhen required, to reflect steady-state 1lift coefficients and aero-
dynamic centers obtained from wind tunnel force data. The Mach 0.60 and 0.90
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AIC calculations accounted for the interference between the wing and the wing
vertical fin; the Mach 1.25 and 1.85 AIC's did not include this effect.
Fuselage aerodynamics were not included in these analyses.

The flutter analyses were conducted using the method of solution des-
cribed in Reference 10 as the p-k method. This method is contained in the
FAMAS system and results in a solution which determines rate of decay and
frequency for preselected values of speed and provides matched altitude,

Mach number and reduced frequency for each mode at each preselected velocity.
To ensure convergence in the flutter solutions, twenty or more vibration modes
and nine or more reduced frequencies were used in all flutter analyses.

An interactive computer graphics program, GFAM, was used for flutter
optimization. The GFAM program interactively determines the sensitivity of
the flutter speed to changes in selected design variables, i.e., mass and stiff-
ness changes within selected design regions; and thereby optimizes the placement
of additional mass and/or stiffness to correct any flutter deficiencies while
minimizing the total mass. An abbreviated description of the equations,
method of solution, and optimization procedure is presented in Reference 11.
In the initial optimization studies, the design regions were selected to
provide a general assessment of the most effective distribution of material
in the wing structure. For these studies, the wing planform was divided
into ten regions (Figure 13a), which included the two engine support beam
locations. Also shown (Figure 13b) is a more refined design region selection
which was used for detailed optimizations of the wing tip structure (which
was determined to be one of the most effective regions for additional struc-
ture to achieve the desired flutter speeds).

Point Design Analysis

The candidate wing and fuselage structure design concepts were subjected
to in-depth structural analyses using a point design approach. Representative
structural regions in the wing and fuselage were selected as point design
regions. For each region, unit structures were defined using the candidate
concepts. The design load, temperature, and acoustic environments were then
determined at these point design regions and used in detailed design analyses
of the candidate concepts to establish minimum mass designs.

Six point design regions were defined for the wing structure (Figure 1lha).
The regions were identified by their corresponding NASTRAN panel element
number. As indicated in the figure, only three of these were used in the
initial screening of the design concepts; all six were used for the subse-
quent detail concept evaluation and the engineering design analyses. Four
voint design regions were used for evaluating the fuselage concepts (Fig-
are 14b). These were located at fuselage stations (FS) 750, 2000, 2500 and
3000 for the design concepts evaluation; the equivalent locations for the
engineering design-analyses were FS 900, 1910, 2525 and 2900.

The unit structures for the wing box included surface panel structure,
spars and ribs, and associated non-optimum items. Similarly, the unit
fuselage structures included both the fuselage shell structure, skin and
stringers, and the supporting frame structure.
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The unit structures at each point design region were analyzed for
ultimate strength and fatigue requirements considering inplane loads from
the finite element analyses, normal loads assoclated with aerodynamic pres-—
sure and/or fuel-head inertia, and temperatures and temperature gradients
resulting from the aerodynamic heating analyses. Computerized stress analysis
programs which incorporated optimization subroutines were used to define
the minimum-mass proportions of the candidate panel concepts (Reference 1).
The strength-sized components were also subjected to a fail-safe analysis
to ensure that the structure, in the presence of an assumed damage condition,
was capable of supporting the damage tolerance design load of 100-percent
limit load.

For the sonic fatigue evaluation, design charts applicable to the two
different types of panels being considered (orthotropic and isotropic panels) -
were used to calculate the allowable sound spectrum levels and panel natural
frequencies. BSonic fatigue margins were established by subtracting the en-
vironmental sound spectrum level at the panel natural frequency from the al-
lowable sound spectrum level. The detailed analysis and analytical methods
are discussed in Reference 1.

DESIGN ENVIRONMENT

Mission Performance

The airplane performance over the design international mission of
4200-nmi (7780-km) is described in Figure 15. The segments are identified
with the fuel used and the distance covered during each segment. Block fuel
and range are totaled and the relevant takeoff and landing mass indicated.
Time history of the wing reference plane angle-of-attack and Mach number
time-history are shown in Figure 16 over the mission profile. These data
were used for establishing design loads, and in the determination of the
temperatures and temperature gradients.

Design Loads

Conditions for design were selected and aercelastic analyses performed
to define the design loads used for the structural analyses. The aero-
elastic analyses incorporated airload, inertia load, and airframe flexibility
effects so as to produce a set of balanced net loads for application to the
;finite element models.

Design Concepts Evaluation Loads.- Net aeroelastic loads were developed for
the reference aircraft configuration using airframe stiffnesses representing
the three wing structural arrangements: chordwise-stiffened, spanwise-
stiffened and monocdque. Fifty design conditions were selected for analysis
of the chordwise-stiffened wing arrangement. The flight loads encompassed
level flight, steady maneuvers, and transient maneuvers. Two temperature
conditions were included: mid-cruise and start-of-cruise. The net effect
of thermal loads and air loads for these conditions were obtained by super-
position of the appropriate temperature condition with the design loads
conditions. In total, the design loads matrix included six ground handling,
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SEGMENT FUEL

SEGMENT DISTANCE

SEGMENT Ibm kg n.mi. km
Ground Maneuver T.0. 17,5